Abstract. A study of inelastic scattering and single-particle transfer reactions was performed by an alpha beam at 63 MeV on a 9 Be target. Angular distributions of the differential cross sections for the 9 Be(α,α ′ ) 9 Be * , 9 Be(α, 3 He) 10 Be and 9 Be(α,t) 10 B reactions were measured. Experimental angular distributions of the differential cross sections for the ground state and a few low-lying states were analyzed in the framework of the optical model, coupled channels and distorted-wave Born approximation. An analysis of the obtained spectroscopic factors was performed.
Introduction
In recent years, the study of light, weakly-bound nuclei [1, 2] has intensified due to the significant progress made with radioactive beam facilities. It has led to a resurgence of interest in the study of light stable nuclei such as 6, 7 Li and 9 Be, for example. It has been shown that in light nuclei the nucleons tend to group into clusters, whose relative motion mainly defines the properties of these nuclei. Consequently, the cluster structures of their ground as well as low-lying excited states have been in the focus of studies. As examples, nuclei 6 Li and 7 Li are both well described by two-body cluster models (α+d and α+t, respectively). Another interesting nuclide is 9 Be, which could be described as an α+α+n three-body configuration; one may also consider it as a nuclear system with two-body configuration 8 Be+n or 5 He+α. The addition of a second valence neutron to 9 Be leads to another intriguing nucleus, 10 Be. A microscopic α+α+n+n cluster model was proposed for 10 Be in order to clarify the relation between the configurations of the valence neutrons and the α+α core. In spite of its large binding, the α-α clustering in the ground state persists due to a coupling effect between the 6 He+α and the 5 He+ 5 He configurations. Recently, special attention has been focused on the role of the extra "valence" nucleons, and their influence on the cluster structure of the excited states [3] . A semiquantitative discussion of this subject can be found in Ref. [3] , where the two-center molecular states in 9 B, 9 Be, 10 Be, and 10 B nuclei were considered in the framework of a molecular-type model.
One of the tools to study nuclear structure is scattering of a projectile, such as p or 3, 4 He, from a target nucleus, the structure of which is going to be studied. This method is based on angular-distribution measurements of elastic and inelastic scattering of projectile-like products. The energy spectra of these products bear information about the internal structure of the incoming and outgoing nuclei.
Alpha scattering from 9 Be target at E α = 65 MeV was measured in details for the first time in Ref. [4] and later in Ref. [5] . Optical model analysis of the elastic scattering data was performed, and distorted-wave Born approximation (DWBA) and coupledchannel (CC) calculations were also done for inelastic scattering and single-particle transfer channels. A molecular-type rotational band was used to describe the data.
The data of Ref. [6] demonstrated the measurement in inverse kinematics of 65 MeV 12 C beam scattered from a 9 Be target. The experimental data were analyzed in Ref. [7] . The calculations agree well with data for elastic scattering and excitation of the 5/2 − resonance of 9 Be at 2.43 MeV while data on the 1/2 + (1.68 MeV) state excitation was not well described by their model. This was as expected from structure calculations of 9 Be treating this state as almost pure 8 Be+n cluster configuration. A rather different conclusion was drawn in Ref. [8] . It was found that the decay branch n+ 8 Be(2 + ) provides a small fraction of the decay of 5/2 − state. In total agreement with this finding, Charity et al. [9] recently confirmed that decay of 9 B has a dominant branch to α+ 5 Li implying that "the corresponding mirror state in 9 Be would be expected to decay through the mirror channel α + 5 He, instead of through the n + 8 Be(2 + ) channel." This article is an attempt to shed light on the internal structure of 9, 10 Be and 10 B nuclei by (in)elastic scattering of 4 He ions on 9 Be target. We expected that the sensitivity of the high precision alpha scattering data to the cluster structure of 9 Be could be demonstrated.
Experiment
The experiment was performed at the K130 Cyclotron facility of the Accelerator Laboratory of the Physics Department of Jyväskylä University. The beam energy of 4 He ions was 63 MeV. The average beam current during the experiment was maintained at 3 nA. The self-supporting Be target was prepared from a 99% pure thin foil of beryllium. The target thickness was 7 µm. Peaks due to carbon and oxygen contaminations were not observed in the energy spectra.
To measure (in)-elastically scattered ions, two telescopes each consisting of SiSi(Li) detectors with thicknesses of 100 µm and 3 mm, respectively, were used. Each pair of detectors was mounted at a distance of about 45 cm from the target. Particle identification was performed based on the energy-loss measurements of ∆E and residual energy E r , i.e. the so-called ∆E-E method. The Si-telescopes were mounted on rotating supports, which allowed to obtain data from θ lab = 20
• to θ lab = 107
• in steps of 1-2
• . The overall energy resolution of the telescopes was nearly 200 keV. An example of two-dimensional plot (yield versus energy loss ∆E and residual energy E r , measured by Si-Si(Li) detectors) is shown in Fig.1 . Excellent energy resolutions of both ∆E and E detectors allowed identifying 3,4 He, t, d and p unambiguously. These detected particles were produced in the channels listed in Table 1 .
The channel leading to the production of 7 Be+ 6 He has minimal probability due to the low Q-value. Other reaction channels take places at higher Q-values and consequently have larger cross sections, as it is shown in Fig.1 . The production yield of 6 He starts to be visible only when plotting the z-axis (yield) in logarithmic scale; it is not shown in Fig.1 .
Comparing with the experimental technique of Ref. [5] we have the advantage to distinguish the particles p, d, t, 3 He and 4 He and determine their total deposited energies. The total energies were obtained after energy calibration of all Si-detectors and summing of energy deposits in the ∆E and E r detectors. The spectra of total deposited energy are shown in Fig.2 for t, 3 He and 4 He. All peaks, which can be observed in the histograms in Fig.2 , were identified and found to belong to the ground and excited states of 9 Be, 10 Be and 10 B, as the complementary products to detected particles 4 He, 3 He, and t, respectively. We were not able to get information about states in 11, 12 B, due to the restricted thickness of the Si(Li) detectors, as a consequence of which p and d punched through and were not stopped in the Si(Li) detectors.
We found excellent agreement between excited states observed in our experiment with those previously measured for 9 Be [4, 5, 10], 10 Be [5, 11] , and 10 B [5, 12] . Because the incident beam energy was rather high (15.75 MeV/u), the observed states are most likely populated in one-step direct transfer reactions. Another advantage is that the two nuclei 10 Be and 10 B, belonging to A = 10 multiplet, are populated in the same reaction.
Results

9 Be
Measured differential cross sections of the ground and low-lying excited states for 9 Be are presented in Fig.3 . Due to low statistics we were not able to get the angular distribution for the first-excited 1/2 + state of 9 Be at 1. Comparison with the results for the ground state of the previous measurements [4, 5] (open symbols) demonstrates a good agreement at small scattering angles. The disagreement is observed at angles larger than 70
• where our data are smaller than those of Ref. [5] . From the technical point of view, this difference could be explained by absence of particle identification in Ref. [5] where Si(Li) detectors were used to measure the total energy only, without a ∆E measurement that would allow Z and A identification of the detected particles. Another reason could also be due to a different method used for subtraction of the continuum under the peak. The same reasons are responsible for the difference between our data and those of Ref. [5] for the level at 6.76 MeV in the angular range 30-60 degrees (see Fig.3 ). Fig.3 shows measured differential cross sections for the elastic and inelastic scattering (symbols) together with the results of theoretical calculations (curves) performed within optical model (OM) and coupled-channel (CC) approach. Theoretical curves were obtained with the aid of NRV server optical model routine [13] and the ECIS06 coupled-channel code [14, 15] .
Firstly, let us consider the analysis of the elastic scattering cross section. The optical potential was chosen in the usual Woods-Saxon form
where the function f (r, R, a) = (1 + e (r−R)/a ) −1 . Potential parameters (OM1) fitted within the optical model to the measured experimental data are listed in Table 2 . Corresponding curve is shown in Fig.3 as a dashed line and demonstrates good agreement with obtained data. In addition, the calculation of elastic scattering cross section was performed with the parameters (OM2), recommended in Ref. [4] . It is plotted as dashdotted line in Fig.3 . One may see that OM2 parameters of Ref. [4] provide poorer agreement with data at large angles since the OM2 parameters were obtained by fitting the data in narrower angular range. The main differences between the OM1 and OM2 sets are the shallower depth of real part and the larger diffuseness parameters of the potential found in this work.
Our fitting (OM3) of the data [5] for the ground state of 9 Be are also given in Table 2 . Corresponding angular distribution is shown in Fig.3 by dotted line. Obtained parameters are rather close to the ones found in Ref. [5] , except noticeably smaller radius of the imaginary part. It results in the larger elastic scattering cross sections at large deflection angles.
The simplest view of the 9 Be nucleus is that it is a strongly deformed three-body system consisting of two α particles held together by a weakly bound neutron. It is Table 2 . Potential parameters used within optical model and coupled channels approaches very natural that different molecule-like states may appear in the excited states. It is the aim of research in this mass region to make a systematic study of structure changes with increasing excitation energy. Due to the Borromean structure of 9 Be, it will be configured as two alpha particles plus a neutron or as two unstable intermediate nuclei: (i) 8 Be or (ii) 5 He in combination with a neutron and an α-particle, respectively. However, to distinguish break-up into 4 He and 5 He is not a trivial kinematical problem; nevertheless, some attempt has been successfully undertaken [17] . The structure of 9 Be through 8 Be+n has been quantified for the low-lying excited states in 9 Be. Higher excited levels are associated with a 5 He cluster. An aim of the present experiment was to study the peculiarity of the angular distributions of elastic and inelastic scattering, mainly for 5/2 − , 7/2 − and 9/2 − states, to try to learn something about their cluster structure.
Analysis of inelastic scattering data within the DWBA or CC approach allows to extract the information on the deformation of an excited nucleus treating these states as collective rotational excitations. Corresponding coupling matrix elements in addition to the radial form-factor includes the deformation length β λ R V , where quantity β λ is a deformation parameter, λ is a multipolarity of the transition defined by the transferred angular momentum and R V = r V A 1/3 is an interaction radius depending on the mass A of excited nucleus.
It is known [4, 5, 18, 19, 20] that 9 Be has a rotational band (K π = 3/2 − ) built on its ground state. In previous studies only ground and excited states of the band were analyzed together in the CC framework. One may expect [21, 22] that all angular distributions shown in Fig.3 are related to the same rotational band. So far, the values of spin and parity of the 11.28 MeV state were uncertain. No direct measurements were done. This level was listed either 7/2 − or 9/2 − state in the literature and databases. Following Ref. [19] , we consider this state to belong to the rotational band and therefore to have spin-parity 9/2 − (see data at bottom of Fig.3 and further explanation of the curves below). The solid lines in Fig.3 represent the results of a CC calculation within the symmetric rotational model taking also into account Coulomb excitation and reorientation terms. The ECIS06 code was employed. The parameters of the optical potential used in the CC calculations are given in Table 2 . They were fitted to the data shown in Fig.3 , using the OM1 parameters as an initial set. It was found that inelastic scattering data for the first three states of the rotational band may be well described if one assumes β λ R V = 1.574 fm and β 2 = 0.64. These values are consistent with results of previous studies [4] .
Quadrupole moment Q 20 of the 9 Be nucleus is known to be equal +53 mb [23, 24] indicating a prolate deformation for the ground state. Previous studies (e.g. Refs. [4, 5] ) have shown a quite large deformation parameter β 2 lying in the range 0.5 to 0.7. It provided rather good agreement with our data on elastic and inelastic (2.43 MeV and 6.76 MeV states) scattering. The obtained large β 2 value may be considered as the confirmation of the cluster structure of the low-lying states of 9 Be. However it doesn't allow to give unambiguous preference to the one of the possible configurations, for example, (α+α+n) or (α+ 5 He). In Fig.3 , one may see rather good agreement between CC calculation and the experimental data (see solid line in the bottom part of Fig.3 ) in the case of 11.28 MeV state. In order to improve the fits for this state, an additional hexadecapole term β 4 in the definition of the 9 Be radius was added. The dash-double-dotted line in Fig.3 demonstrates the result obtained with the same β 2 value and β 4 = 0.27, which agrees much better with the data. There is insignificant influence of the β 4 parameter on the cross sections for the 3/2 − , 5/2 − and 7/2 − states. This may be evidence of the different structure of the 9/2 − state of the 9 Be nucleus. It should be noted that data on inelastic scattering to the 11.28 MeV state were measured in the middle range of the angles, where the two theoretical predictions are rather comparable. Thus, in order to draw final conclusion, additional measurements are required in a broader region of the scattering angles.
3.2.
10 Be If 9 Be shows molecular cluster structure [3] , then 10 Be might be expected to show more sophisticated internal structure. Molecular structure of the 10 Be nucleus is formed by two alpha particles and two neutrons. Such constitution attracts even more interest, since one neutron added to 9 Be makes the 10 Be nucleus tightly bound [15] . In this work we performed measurements of the angular distributions for the 9 Be( 4 He, 3 He) 10 Be reaction, leading to different 10 Be excited states. Angular distributions of the differential cross sections for the ground and low-lying excited states for 10 Be are plotted in Fig.4 . Results of the present experiment are shown by solid symbols; data from Ref. [4] are presented by the open symbols. Solid lines are the result of the finite-range DWBA calculations with the DWUCK5 code [25] . This type of the calculation is available via the internet web page of the NRV project [26] .
In order to perform the DWBA calculations the OM1 parameters for the entrance channel and the corresponding potential for the exit channel were chosen to calculate distorted waves (see Table 1 ). OM parameters for the exit channel 3 He + 10 Be were chosen close to the potential recommended in Ref. [16] . According to 10 Be reaction channel is negative with a large absolute value. It legitimizes a slight variation of the optical model parameters for the exit channel (within 10%) for better agreement of the calculations with the data. In the analysis reported below we varied only the depths of the real and imaginary parts within indicated limits.
The single-particle wave functions in the entrance and exit channels were defined within standard potential model [27, 28] . The interaction for n + 3 He system was chosen of the Gaussian form where the radius R G = 2.452 fm [28] , while the potential depth V G is fitted to reproduce the correct value of neutron binding energy E n = −20.58 MeV in the 4 He nucleus. The n + 9 Be potential in the final state was defined as a real Woods-Saxon potential with radius R V = 1.26 A
1/3
Be fm and diffuseness a V = 0.6 fm. Potential depth V 0 defined in the same manner as V G parameter. For states unbound to the neutron emission in 10 Be, the single particle was assumed to be bound by 0.1 MeV, as it was suggested in [4] .
Relative angular momentum of neutron state in the projectile or target-like fragment was fixed by the total momentum J and parity π conservation laws. In particular, the ground state of the 10 Be(0 + ) = n(1/2 + ) + 9 Be(3/2 − ) nucleus was considered as 1p 3/2 neutron state, while the excited states of 10 Be with negative parity was treated as 1d 5/2 neutron state. All spectroscopic properties of the 10 Be excited states are listed in Table 3 .
The DWBA differential cross section for the considered stripping reactions can be compared with experimental data in the following way [25] 
where J i = 3/2 and J f are the angular momenta of the 9 Be target and the final state populated in 10 Be, respectively, σ DW (θ) is the output from DWUCK5, S i and S f are the projectile and target-like fragment spectroscopic factors, respectively. Fig.4 demonstrates how good are the obtained absolute values of the spectroscopic factors S f , which were obtained from the comparison of the measured angular distributions and DWUCK5 calculations for the different 10 Be final states. The values of the spectroscopic factors are listed in Table 3 together with S f reported in Ref. [4] .
It is seen that obtained cross sections agree well with data. The spectroscopic factors extracted from our analysis are very close to the ones listed in Ref. [4] (see Table  3 ), except for the 10 Be state at 3.368 MeV, where spectroscopic values differ by more a factor two. The reason for this discrepancy is the following. The spectroscopic factor in our work was defined by adjusting the theoretical curve to the data measured in middle angle domain, while in Ref. [4] it was fitted to the forward experimental points near θ cm ≈ 10
• . Because of not-optimal value of the energy resolution, we were not able to separate the excited states nearby 6 MeV. Low statistics did not allow to observe the 2 + state at 7.54 MeV. The experimental cross sections corresponding to two overlapping states near 9.5 MeV were described as a sum of DWUCK5 outputs multiplied by the corresponding spectroscopic factors. Table 3 contains the S f values providing the best fit. Short and long-dashed lines in Fig.4 show the contribution from the 2 + and 4 − states, respectively. Note that in order to describe the data one needs much smaller radius of the real part of the optical potential for the exit channel (r V = 0.95 fm) in comparison to the radius in the entrance channel (r V = 1.40 fm). This could be interpreted as due to the compactness of the 10 Be nucleus. Nuclear charge radii of 7,9,10 Be have been measured by high precision laser spectroscopy [21, 22] : the charge radius decreases form 7 Be to 10 Be. Comparing the Coulomb parameter r C with that of 9 Be, we obtained a smaller value of r C for 10 Be. In Ref. [21, 22] , the decrease was explained as probably caused by the clusterization of 7 Be into an α and triton clusters, whereas 9,10 Be were considered to be α+α+n and α+α+n+n systems, respectively, and were more compact. The experimental trend was shown [15] , to change beyond 10 Be with an increase of the charge radius with atomic mass. Furthermore, the large experimental value of the charge radius for 12 Be is consistent with a breakdown of the N = 8 shell closure.
The root-mean-square matter radii deduced by means of Glauber-model analysis with an optical limit approximation were reported in Ref. [29] and didn't show large difference in values for 9 Be and 10 Be.
10 B
Differential cross sections versus cm-angles for the ground and low-lying excited states of 10 B are plotted in Fig.5 . Results of the present experiment are shown by solid symbols, and data from Ref. [4] are presented as open symbols. DWBA calculations [26] for the 9 Be(α,t) 10 B reaction were performed with the DWUCK5 code [25] with the fits to the differential cross sections for the ground and low-lying states given as thin solid lines in Fig.5 . Spectroscopic factors S f for the different states populated in the reaction 9 Be( 4 He, t)
10 B are listed on the right side in Table 3 . For the data corresponding to the mixture of a few levels an upper limit of spectroscopic factor was obtained, describing the data by one component only. S f values are in good agreement with those reported in the literature.
Multiplet A = 10
The structure of 10 Be, 10 B and 10C nuclei was usually considered as two α-clusters in the presence of two extra nucleons. Level diagrams for the low-energy excited states for these nuclei are shown in Fig.6 . One may see that the 10 B ground state is shifted down by 2 MeV approximately. It may be treated as a three cluster configuration 10 B = α+d+α where the pairing of proton and neutron results in formation of a deuteron cluster inside. The 3 + spin of this state also supports this assumption. In the case of 1.74 MeV excited state, it might be considered as a state, where the deuteron cluster becomes unbound. Thus it becomes four clusters configuration 10 B(0 + , 1.74 MeV) = α+p+n+α with uncorrelated proton and neutron. Two mirror ground states in 10 Be and 10 C in this case have to be of similar structure α+N+N+α. One of consequence of such an internal organization is the absence of the di-neutron component in the 10 Be ground state wave function.
Difference in the structure of the ground state and the 1.74 MeV state in 10 B may also reveal itself in the difference of optical potentials for these exit channels. In Fig.7 the corresponding experimental data are compared with the results of DWBA calculations performed in the same manner as for the 3 He + 10 Be exit channel. Solid curves show theoretical cross sections obtained with the exit channel optical potential from Table  3 . This potential was chosen on the basis of OM potential compilation form Ref. [16] with additional adjustment of parameters to the present data since Ref. [16] contains recommended optical potential for the lower energies. One may see quite good agreement between calculation and data on the case of ground-state channel. Applying the same OMP for the transfer to the 1.74 MeV state one gets the noticeable overestimation in the cross section at large angles. We found that in order to improve the agreement in the last case it is necessary to use the following parameters: V 0 = 85 MeV, r V = 1.14 fm and W 0 = 8 MeV. Corresponding result is shown in Fig.6 by the dashed curve and demonstrates excellent fit of the data. The obtained parameters turn out to be close to the OM potential for 3 He + 10 Be(g.s.) channel (see Table 2 ).
Conclusions
Angular distributions of the differential cross sections for the 9 Be(α,α) 9 Be * , 9 Be( 4 He, 3 He) 10 Be and 9 Be( 4 He,t) 10 B reactions were measured. The observed states are most likely populated in one-step direct transfer reactions.
Experimental angular distributions for ground and a few low-lying states were described within the optical model and distorted-wave Born approximation frameworks. In the OM analysis and fits of the experimental data by CC calculations, it was found, generally speaking, that the optical model parameters (V 0 , W 0 , radii and diffuseness) were not sensitive to the cluster structures of the excited states. To study cluster structure, a complicated experiment is planned in which decay of excited states by cluster emission will be investigated. However, to distinguish break-up into 4 He and 5 He will be not be a trivial kinematical problem.
The values 9/2 − were assigned to the spin and parity of the 11.28 MeV state in 9 Be. The obtained large β 2 value may be considered as confirmation of the cluster structure of the low-lying states of 9 Be. However, it doesn't allow to give unambiguous preference to one of the possible configurations α+α+n or α+ 5 He. In order to improve the agreement between the theoretical prediction and the experimental data, related to this 9/2 − state, an additional hexadecapole term β 4 in the definition of the 9 Be radius had to be introduced.
With respect to 10 Be, it was found that in order to describe the data one needs a much smaller radius of the real part of the optical potential for the exit channel (r V = 0.95 fm) in comparison to the radius in the entrance channel (r V = 1.40 fm). This could be interpreted as evidence for the compactness of the 10 Be nucleus. The comparison of the angular distributions of the differential cross sections for the isobaric analog states of 10 Be and 10 B was done. The structure of 10 Be, 10 B and 10 C nuclei was usually considered as two α-clusters in the presence of two extra nucleons. One may see that the 10 B ground state could be treated as a three cluster configuration 10 B = α+d+α, where the pairing of proton and neutron results in formation of a deuteron cluster inside 10 B. In the case of the 1.74 MeV excited state, it might be considered as a state where the deuteron cluster becomes unbound. Thus, it becomes a four-body configuration 10 B(0 + , 1.74 MeV) = α+p+n+α, i.e. two α-clusters with an uncorrelated proton and neutron pair.
Spectroscopic factors for the ground and excited states of 10 B and 10 Be were deduced. We found pretty good agreement between our results and the previous data.
